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THEM4AL CONDUCTIVITY AND THE'RML SHOCK QUALITIES OF
ZIRCONIA COATIMS ON THIN GAGE HASTELLOY-X METAL
By John D,. Buckley
NASA Langley Research Center
SURMARY
Two zirconia coatings and a zirconia-nickel aluminide cermet coating
were flame sprayed and plasma sprayed on thin-gage Hastell.oy-X metal.
Thermal insulation measurements were made on a. series of specimens to
determine the relationship between increased coating thickness and ther-
mal insulation capacity of these three coatings. Thermal shock measurements
were conducted to observe the effect of coating application and/or thickness
on adherence  of coatings to the Hastelloy-X metal surfaces. The results
showed that composition and mode of application influence thermal shock
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coatings proved to be linearly related to coating thickness.
INTRODUCTION
A matter of concern in the design of aerospace vehicles is the
insu^.ation of critical metal structures from the extreme heat fluxes
and temperatures produced by flight at hypersonic velocities (ref. 1,
2, and 3). Ceramic coatings, particularly those with low heat trans-
fer coefficients and high melting points, are very good thermal barriers.
Stabilized zirconia, one of the highest melting refractory oxides
(= 46000F) (ref. 4), has a very low heat transfer coefficient
W 2 -
(15 Btu/hr. ft. 2 of/in.) (ref. 5) . it has, however, only fair thermal
8
shock resistance when compared to that of other ceramic refractories
(ref.  4 and 6) .
Flame spraying and plasma spraying are two methods used to apply
protective coatings on metals that are subject to extreme thermal environ-
ments (ref. 7 and 8). Stabilized zirconia coatings have been used as
thermal protection in rocket nozzles and have been considered for use as
a heat barrier on the leading edges of aerospace.vehicles (ref. 9 and 10).
The objectives of this study were:
	 (1) to observe the effect of thermal
shock on coating thickness for zirconia and a zirconia cermet flame
sprayed and/or plasma sprayed on Hastelloy-X; and (2) to determine the.
relationship between increased coating thickness and thermal insulation
capacity of the zirconia coatings on Hastelloy-X.
MATERIALS AND SPECIMENS PREPARATION
The materials evaluated in this study are presented in table i_:, and
the specimen configuration is shown above the table. The spray composi-
tions evaluated included stabilized zirconia and a zirconia-nickel aluminide
cermet. Five chromel-alumel thermocouples were welded on each of the 4 square
inches by 0.02-inch thick Rastelloy-X specimens prior to coating. Coatings,
applied by the NASA Langley Research Center fabrication shop, were sprayed on
the side opposite the thermocouple locations. Before spraying, specimens were
cleaned with methyl ethyl ketone and sandblasted with 120-grit aluminum
oxide. A 0.003-inch base coat of nickel aluminide (00 weight percent
Ni, 20 weight percent Al) was plasma sprayed on each specimen before
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the insulating coat was applied. Seven specimens were made for each
of the three protective* coatings evaluated. Total coating thickness
varied between 0.006 and 0.024 inch, applied in increments of 0.003
*0.003. inch (table 11).
Stabilized zirconia rod was used for the flame spraying operation,
while powdered stabilized zirconia and gowdered zirconia-nickel aluminide
cermet were used for plasma spraying.
EQUIPMENT AND TEST PROCEDURE
Figure l shows the equipment used in obtaining the thermal shock
and thermal conductivity data. Each specimen was fastened into an inset
in a block of masonite in order to present an even or smooth surface to
the plasm torch and airjet. This fastening method minimized the flame
impingement from the plasma torch and cold air from the airjet around
the edge and onto the back surface of each specimen. The five thermo-
couples welded to the back of each specimen were attached to a multichannel
oscillograph to record changes in the cold-face temperatures of each
specimen when subjected to cyclic heating. The temperature of the uncoated
hot face of the Hastell.oy-X and the* coated surface of each sprayed
specimen was measured with a Barnes Engineering Company, model no. R41,
total radiation pyrometer using a filter which transmitted wavelengths
between 4 ja, and 15,u. An emittance value of 0.84 was used for the
Hastelloy-X (red'. 11), 0.8 for the Zr02
 coatings (ref. 5), and 0.84 for
the ceraret (ref. 11). Heating rates were measured by a metal calorimeter
made of Hastelloy-X having the same dimensions as the Hastelloy-X specimens
that were coated.
"4a"
Thermal Shock Tests
Thermal shock resistance of the three candidate coatings was determined
by submitting each specimen to 50 quick heating and cooling cycles. Every
specimen was subjected to the direct heat of a plasma torch Which produced
a heat flux of 55 Btu/ft .2 see. followed by immediate quick cooling with
ambient air at 80 psi. One cycle took 80 seconds and consisted of the
following steps: (1) Programmed the movement of the plasma torch on a
track from a position 6 inches clear of the specimen, onto the specimen
at a speed of 2.5 seconds per inch; (2) held the torch on the specimen
for 20 seconds; (3) moved the plasma 'torch from the center of the
specimen to its initial position, 6 inches clear of the specimen at a
speed of 2.5 inches per second; and (4) automatically cooled the species
with a blast of compressed air for 30 seconds.
Thermal Insulation Tests
Thermal insulation data was obtained simultaneously while the thermal
shock tests were being conducted. Temperature measurements were recorded
during each cycle from the thermocouples located on the back surface and
t,-om the total radiation pyrometer aimed at the center of the coated
front surface of each specimen. The insulation quality of the coatings
was determined by comparing cold-face temperatures of the various coated
specimens with an uncoated Hastelloy-X standard, and also by measuring
temperature differences between the radiation pyrometer readings on the
coated surface and the thermocouple located on the cold-face of the specimen
immediately behind the radiation pyrometer target area.
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RESULTS AND DISCUSSION
Thermal Shock Tests
Thermal shock tests were made on the Sastelloy-X specimens which
were coated with zirconia and with zirconia-nickel aluminide cermet to
determine if coating thickness and/or method of application affected
degree r:;,f spallation.
Figure 2 presents a plot of a typical thermal shock cycle. This curve
was generated from total radiation pyrometer readings taken on the hot-
coated surface of several typical specimens. It shows that these coatings
experienced temperature changes of approximately 1700OF in 20 seconds
when cycled between 200°F and 1900'F.
f
photographs, (Figure 3) of specimens subjected to thermal shock show
that after 50 cycles, the flame-sprayed stabilized zirconia and the plasma-
sprayed zirconia-nickel aluminide cermet were superior to the plasma-sprayed
zirconia specimens. It was also noted that spallation of plasma-sprayed
zirconia coating was independent of costing thickness.
Fracture of the zirconia plasma-sprayed coating is believed to have
resulted because of the inherent good-to-fair thermal shock quality of
zirconia (ref. 4) compounded by the greater density characteristic of
plasma-spray coatings as compared to flame-sprayed zirconia coatings
(ref. 9). The good then l shock quality of the cermet spray coating is
believed to result from the better thermal conductivity of the nickel and.
aluminum components in the cermet spray composition (ref. 12).
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Thermal Insulation Tests
The thermal insulation capacity of the three spray coating compositions
was evaluated at elevated temperatures by (1) measuring variation of back- or
cold-face surface temperature with increasing coating thickness, (2) measuring
differences in temperature through the thickness of each of the coated
specimens, and (3) determining the thermal conductivity of each specimen as
a function of coating thickness for each spray coating composition.
The results of the cold-race surface temperature measurements, taken
on the uncoated and coated specimens, are presented in figure 4. Data from
the zirconia plasma-sprayed specimens was too erratic to be plotted. It is
believed that the cracked and/or fractured coatings on these specimens
-caused the scatter observed in these temperature measurements.
The curves in figure 4 show that the back- or cold-face temperature
of the coated specimens does decrease with increasing coating thickness,
that the temperature drop is linear for both coatings, and that the differ-
ence in cold-Face temperature is greater for the zirconia flame-spray
coating than for the cermet-coated specimen having approximately the same
coating thickness.
Figure 5 shows curves of temperature difference as a function of
total coating thickness for the flame-sprayed zirconia and the plasma-
sprayed cermet. The temperature difference between the hot and cold
faces of the flame-sprayed zirconia and plasma-sprayed cermet increases
linearly with coating thickness. The temperature difference between
the hot and cold faces of the flame-sprayed zirconia coating compared to
the plasma-sprayed cermet showed the temperature drop through the flame-
f
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sprayed zirconia specimen to be 35 OF to 45OF greater than that through the
cermet-coated specimen having approximately the same coating thickness.
Thermal conductivity values calculated from experimental data obtained
during the cyclic heat tests showed that the coatings evaluated produced a
very effective thermal insulating barrier (table III). Variation in coat-
ing thickness showed little or no effect on the coefficient of thermal
conductivity for either of the spray coating compositions. The zirconia
flame-spray coating had the lower coefficient of thermal conductivity
and, thus, was the better insulator.
Figure 6 exhibits graphically a comparison between the temperature
drop through uncoated metal and metal coated with 0.024 inch of zirconia
flame-spray and cermet plasma-spray coatings. This data, combined with
the data from table III, shows that the flame-sprayed zirconia cortAx%
is a good thermal barrier for thin-gage Hastelloy-X metal.
CONCLUDING RF R B
The results of the evaluation of the thermal shock and thermal
insulation qualities of the flame-sprayed zirconia coating, the plas ^ ­
sprayed zirconia coating, and the plasma-sprayed zirconia-nickel aluminide
cermet coating are as follows:
1. Flame-sprayed zirconia coating has better thermal shock resistance
than plasma-sprayed zirconia coating of similar composition and coating thickness.
2. The spall.ation of plasma-sprayed zirconia coatings is independent of
coating thickness up to the 0.024-inch thick coating tested.
w 8 -
3. Flame-sprayed zirconia coating is a better thermal insulator than
the plasma-sprayed cermet coating.
h. Tnculation capacity of MAne-sprayed zirconia coating on Hastelloy-X
metal is a linear function of thickness.
I
.. 9 .,
RUNWO
1. Stein, B. S.; Illg, W.; and Buckley, J. D. ; Structural Materials
for Hypersonic Aircraft. National. Aeronautics and Space
Administration 0onference on Hypersonic Aircraft, Technology;,
Report NAS SP-148 1 paper no4 28, 1967.
2. Childers, M. G.: Structures af.d Materials for Hypersonic Vehicles.
Society of Aerospace Material and Process Engineer's Journal,
vol, 2, no. 6, Oct./Nov. 1966, pp.21--29.
3. Mathauser, E. E.: I',esearch Design Considerations and Technological
Problems for Winged Aerospace Vehicles. Proceedings of the National
Aeronautics and Space Administration University Conference on the
Science and Technology of Space Exploration, NASA SP-28 1
 1962.
4, Kingery, W. D.: Property Measurements at High Temperature,
New York, N. Y., John Wiley and Sons,. Inc-.,1959•
5. Southern Research Institute: The Thermal PropertieN ^f mn^:ty=c„^;
Solid Materials to 50000E or Their Destruction Temperatures.
U. S. Air Force Aeronautical Systems Division, Wright-Patterson
Air Force Base, Ohio Report ASD-TDR-62- 65.t iq6.,
6. Runk, R J.: Oxides. In Nigh Temperature Tecbaology. Campbell, I. E.,
ed., New York, N. Y., John Wiley and Sons, Inc., 1956, pp. 29-91.
7. Love, R. W.; Esty, C. C.; and Wheildon, W. M.: High Temperature
Coatings for the Aerospace Industry: Their Processing Characteristics
and Applications. Part Lin Material Science Research. Otte, H. M.
and Locke, S. R., eds., vol. 2, Nev York, N. Y., Plenum Pres ., Inc.,
1965) pp. 211-234.
P
.w 1V r
8. Withers, J. C.: Methods for Applying Coatings. In High Temperature
Inorganic Coatings. Huminik, J. Jr., ed., New York, N. Y., Reinhold
Publishing Corp., 1963, pp. 145-188.
9. Dennis, P. R.; Smith, C. R.; Gates, D. W.; and Bond, J. B., ed.:
Plasma Jet Technology. NASA, SPr5033, U. S. Gov . Printing Office,
Washington, D. C., 1965.
10. Sklarew, S.: Reinforced Refractory Ceramic Coatings for Ramjet and
Supersonic Aircraft Applications. In Mechanical Properties of
Engineering Ceramics. Xxiegil, W. W. a~^ Palmour, H., ed., New
l	 York, N. Y . , Interscienc a Pub . , 1965, PP- 191-205.
11. Touloukian, Y. S., ed.: Thermophysical Properties of High Temperature
i
Solids. Thermopbysical Properties Research Center, Purdue Univ.,
j	 vol. 2, Non Ferrous Alloys, part 2, Non Ferrous Multiple Alloys,
New York, N. Y., MacHillan, 1967, P. 1172.
12. Metco Product Data Bulletin: Metco 404 Nikle Alunide Powder,
Dec. 18, 1967.
rRr
t^
O
r
cr
t o
LL
uj Z
-jO
F-- Z \\VS 1.1
W
..,
=
CL O
(1) V
J
_Q
W
1
0
LLJSI--
0 OOQ N
O O
Z nj O
LO co
N
O
LO ^..O
U-O O p
Z
U O N
w z
^ N
o 0')
W
K?
I,() L
..
J NO toro LOir)
z ^
O roN cDQ
N
O O
^
W d ^
LLJ Z ^^ ^ QLli
N -^ l^?Q W f^ -J ZQ
Lr
::J- I:5
CO N. _^ ^
^`^ Q Y
cD <O Qp ONE z
^' `` ^ N N Q
Do O0 0 0 0 0 0 0
O
^ •c
to
Ld Qz O
CJ C)
3 o O o N	
CJ
w
^
Cn F- Wd
F-^
Q0) c
1-
`^Q.
 t^^!? O 00
W -U)
CIO
O
z
W --N n d- 0 w (--
CLto
(.7
O
U
Na
N
O
W
Q
0
Q
a
x
W
r
{
'	 1
O
4--L ^
N ^
uo rn OD
rQ
^--• pp O ro N
Oj
W ©
. 0
Ir) to
00
^
F- W W
O r Q
w z + +
^'- X x x
a oo
^J
^-
w w
U) (f)
_
I
ft
0
v8
a
o'
a^
v
+-)
z
G
.r.,
Cd
N
b
Cd
^iU
G
U)
r—i
H
r-I
N
40
.H
N
41
r-I
0
Cd
U
•r-1
1
N
O °'
w
0
00
o
910
o
c^
,^
rd
o
L 0
U
UJ
O
S
W r^
f
U
0 p
CH
f'I
U
U
Q
m	 ^_
J
r i
i
0 0
N	 co
L-
w0
F-
00
,;I.
00O
im
N
N	 ^
Oz
M
i
Q)	 0)c O
z O
C
U)
C3 (1)
O c
U YU
H
6
L
U
TU
a)
q
babbl.,
N
O
z
0
	
N '1 C	 Q CN 4-	 ^
O	
o	
N .-
	
N E U
	
E U
o	 cn
ti	 o
U ^
E a o,
O	 C
U v +_
E
ON o
N 0-
cd O
r-^ o
ao
U 3
b
ad -r-4
r-i
cn O
O
b
U AQ) ai
04
U) 40
r.
>-, -r-4
aj +3
ti
914 a)
N 'r-I
p
ccIIII O ,b
+-) 4-)
Q)H
cn U v
cd ^>i ^-q
ri U ad
P4
14
 
c
pN U O
N w cdH
L: r r-{
3 pO
1 4-)
y,OO+)
H n -H
O -H
+> +-)
EQ	 O
v ^
o v H
'r 3 U
au
ad
^ E b
a C-) 0
PA v
i m m
rr1 ^, o
v 
Cd 
N
ao
U2 -4
w
U ^
c CV
z
C	 ll^
z o
' C
i O
z
N
_U
U
Tv
r-1_, ..	 ...	 T	 1	 ^.
W W
of Q
W
V ^
oo°L L Z
N N :D
i	 I	 I
O 4
O
O
U)
b
v
0
U
O
LO
o
N
U
o a)
U
W Cd
Q ^
CH
O
Lo
W
Hrd
O
OD Ld
F-
0O
U^
v3
N
U
s,	 0
d'	 N
O O O OO O
p
OU
O	 `H
]LO
	
O
0)	 a'U
CH
CH
PA
9
co t1) N
O OO cn
-I z d
Po=
I
I	 n 	 I
QQ
J
' Ld
w
2 Q z
W LL Q
N N OUOOp
N N z
q O d
^4
O
q
N
O
O
OD
O
N
O
LO	 C\l
O p
U)
Qz WzOQY
Z
I-
N
U
O	
4-)
O
CA LL.
O	 O
-^—	
c0
w
U
z
W CH
Lr
U.
U-	 Erl
O^
O W
— pC	 aD
a
w Cd
w
C	
CO-)
Z
LLJ	 O
a0
b
Q)
O	 `da^
0
H
to
0'
	
CO
O OO O
I0 0 00
U_
0
uj
D a
Q W
W
C)
Z
a_
2 cr
W WU_
LL_
F-)
0
N ^ ^ ^
W
C\J:E1000 0 J
U_
W,
W
Z.) <
NJ
0
U
0 Q_
rs
Cd
X
W>-
0
rd
F—_
<I
0 _J
0 W
to)
0
Z F—
:D U)
0	 <
CO	
m 51 
p
rd
(D4
4-)
CH
0
0
0
EQ
V,
Cd
PH
0
tto
9
NASA-Langley, 1908
I
